Mass determinations on highly purified influenza virus preparations were performed using the technique of scanning transmission electron microscopy. The masses of the three strains, X49, B/Singapore/222/79 and B/Hong Kong/8/73 were determined. The average value was 174 × 106 daltons with only small differences between the three strains. The mass of virus particles after removal of the protruding spike proteins, haemagglutinin and neuraminidase by bromelain treatment was determined to be 86 × 106 daltons. From the mass difference and the known molecular weight of the spike proteins the number of spikes was estimated to lie in the range 400 to 500.
Influenza virus is a complex virus belonging to the Orthomyxoviridae. The virus is composed of protein, lipid, carbohydrate and RNA; there are four major proteins involved in the virus architecture. The outer virus envelope consists of a lipid bilayer from which the so-called spikes project externally. These spikes consist of trimers and tetramers of haemagglutinin (HA) and neuraminidase (NA) respectively. The inner core of the virus consists of M protein, nucleoprotein and RNA. The molecular biology of the virus was reviewed recently (Webster et al., 1982) .
There is no general agreement on the size, shape and exact composition of the virus. Most of the information on its structure was obtained from biochemical studies (Schulze, 1973; Laver, 1973) , electron microscopic results (Wrigley, 1979; Nermut & Frank, 1971) , X-ray crystallographic work (Wilson et al., 1981 ; Varghese et al., 1983) and solution scattering data (Mellema et al., 1981) . Here we describe the determination of particle weight and spike content by scanning transmission electron microscopy (STEM). This method consists of scanning a focused electron beam across the specimen and obtaining a digital signal from the scattered electrons that can be computer-processed. Under certain well defined conditions the scattering intensity is proportional to the scattering mass (see Freeman & Leonard, 1981) .
As proposed by Freeman & Leonard, we determined particle masses by using an internal standard. Influenza particle masses were determined by comparison with tobacco mosaic virus which has a very well known mass per unit length. A linear relationship was assumed between the scattering mass and the scattering intensity; this assumption holds under our specific measurement conditions (acceleration voltage, carbon film thickness, etc.) up to a thickness of approximately 60 nm. From shadowing experiments the thickness of the unstained, flattened, influenza particles was found to be 48 + 4 nm, which is in the linear range. The validity of the mass determination method was indicated by the very good reproduction of published data on masses of a number of plant viruses with well known molecular weights. A full description of our implementation of the STEM mass determination method will be published elsewhere (R. W. Table 1 . propiolactone, and B/Singapore/222/79 which was not inactivated. The inactivation procedure did not lead to an observable change in molecular mass. The virus was purified to a monodisperse preparation (Mellema et al., 1981) . The preparations appeared to be stable, as mass determinations performed immediately after isolation and on suspensions which had been kept in PBS buffer (140 mM-NaC1, 3 mM-KCI, 10 mM-phosphate buffer pH 7.0) with 0.001 ~o azide for more than 1 year yielded identical results. The spike proteins were removed by incubating the virus with bromelain (Sigma) as described by Skehel et al. (1982) and the resulting virus was purified by sucrose gradient centrifugation. The homogeneity of the virus preparations to be used for mass determinations was verified by obtaining electron microscopic images of the virus preparations using the negative staining method. The measured diameters of the virus, negatively stained with uranyl acetate, were 140 + 12 and 115 + 12 nm for intact and spikeless particles of the X49 strain. Similar results were obtained for the other two strains.
The average diameters found are in good agreement with earlier electron microscopy work on negatively stained preparations (Wrigley, 1979; Nermut & Frank, 1971) . Neutron scattering studies on the virus in solution (Mellema et al., 1981) resulted in diameters of 116 nm and 89 nm for intact and spikeless particles; these values agree very well with electron microscopic data on freeze-dried virus (Nermut & Frank, 1971) . The diameters determined from negatively stained specimens are somewhat larger, presumably as a result of flattening during specimen preparation.
Specimens of the unstained virus to be used for mass determinations were prepared on ultrathin carbon film (2.5 to 5.0 nm) after extensive dialysis against ammonium acetate to remove all non-volatile salts. The results of the mass determinations are presented in Table 1 which summarizes the average mass values and in Fig. 1 where histograms of the particle mass distributions are shown. The average values obtained for the masses of intact and spikeless virus are 174 x 106 and 86 × 106 daltons respectively.
In a previous study, a value of 100 x 106 daltons was obtained for the molecular mass of influenza A virus from transmission electron microscopic images with latex spheres as reference (Silverman et al., 1967) . In this study no particular attention was given to the homogeneity of the virus preparation. Another mass estimate was given by Landsberger et al. (1971) who calculated the mass of a spikeless particle of influenza A/WSN to be 147 x 106 daltons from the particle diameters measured from electron microscopic images, but flattening, a likely preparation artefact, was not taken into consideration and this value is possibly too high. From neutron scattering data obtained on solutions of influenza B/Hong Kong (Mellema et al., 1981) a mass of 200 × 106 daltons was derived. This value might be somewhat too high in view of the inaccuracies in the values used for the partial specific volume and the absolute particle concentration (Jacrot & Zaccai, 1981) .
The standard deviations of the populations, as given in Table 1 , are about twice as large as the standard deviations we determined for populations of other systems, including adenovirus which is similar in size to influenza virus (R. W. H. Ruigrok et al., unpublished results). Therefore, we are led to believe that roughly half of the standard deviation represents a real distribution of masses in the virus preparation while the remainder is contributed by measurement errors. The fact that the absolute values of the standard deviations in intact and spikeless particles are very similar can be taken as an indication that the mass variation of the virus stems from the core and not from the spikes. Finally, we note that the standard deviation in the average mass can be obtained by dividing the standard deviation as measured by the square root of the number of particles included in the measurement (approx. 200). The resulting standard deviations in the average are about 2 × t06 daltons.
The number of spike protein molecules can be calculated using the known molecular weights for HA (208000; Wilson et al., 1981) and NA (192000; Webster et al., 1982) after protease digestion. Assuming that HA is five times more abundant than NA, the average spike molecular weight is 205000. The calculated numbers are 420, 463 and 405 for X49, B/Singapore and B/Hong Kong respectively. It is reassuring that similar values were found for three different strains, which in fact were used to make three independent measurements. Our conclusion is that there are 400 to 500 spike structures in the intact virus. This conclusion would be wrong only if systematic errors exist which act differently on intact and spikeless virus molecules. This can be compared with other electron microscopic studies in which Wrigley (1979) estimated that there were about 800 spikes per particle and Tiffany & Blough (1970) estimated 550. With biochemical methods, Schulze (1972) found a total number of 550 spikes per particle. In the neutron scattering solution study on B/Hong Kong (Mellema et al., 1981 ) the number of spikes was estimated to lie between 350 and 450.
From Table 1 we calculate that the total weight of HA and NA amounts to about 50~ of the particle weight while another 28~ can be attributed to lipid (Mellema et al., 1981) . The RNA content amounts to more than 2~ of the virus weight (McGeoch et al., 1976) which implies that more than 10~ of the virus weight is RNP (Duesberg, 1969) . This implies that only 12~ can be left for the other structural protein, the M protein. As the molecular weight of the M protein is 25 000 there could not be more than 800 copies of this protein per virus particle. Earlier reports stated that the M protein accounts for 30 to 50~ of the virus protein (Compans et al., 1970; Kendal et aL, 1977; Schulze, 1970) . Nermut calculated that there are 1500 to 2000 molecules of M protein per particle from estimates of the dimensions of viral substructures obtained from electron microscopic images (Nermut, 1972) . The results reported here are, however, supported by neutron scattering data which indicate that the M protein accounts for 13 ~ of the viral mass (Cusack, 1982) . The results obtained by our group are not necessarily in conflict with those obtained by Nermut, as the possibility exists that the M protein does not form a continuous layer underneath the virus membrane as was assumed in the calculations, of Nermut.
Our conclusions differ from some of the earlier published estimates for the amounts of spike protein and M protein. A possible explanation is that we are comparing data obtained for virus suspensions with different degrees of homogeneity. The virus purification method used in the work reported here, may by excluding all filamentous and other aberrant particles, alter the protein composition in solution. In fact, the larger virus particles existing in less purified preparations could well contain less spike protein, as the available surface area per unit volume will generally be smaller for larger particles. Kendal and coworkers reported two subpopulations after purification which had quite different protein compositions (Kendal et al., 1977) .
Further experiments to characterize the virus and to study the stoichiometry of the various components, by controlled stripping of successive layers of the virus, are in progress.
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